Abstract-Daphnia magna was acclimated for six generations to an acclimation range of 0.02 to 74 g/L of Zn 2ϩ . This range was determined by combining physicochemical water characteristics of European surface waters with total Zn concentrations in these waters in such a way that they resulted in minimal and maximal free (i.e., assumed bioavailable) Zn ion activities. No significant differences were found in acute Zn tolerance between the different acclimation concentrations: Average 48-h median effective concentration (EC50) values ranged from 608 Ϯ 94 to 713 Ϯ 249 g/L of Zn 2ϩ . Also, no significant shifts in chronic tolerance were observed: Average 21-d EC50 (based on net reproductive rate) ranged from 91 Ϯ 20 to 124 Ϯ 22 g/L of Zn 2ϩ . However, at test concentrations less than the 21-d EC50, acclimation significantly increased the reproductive capacity of the offspring produced. This indicates that metal acclimation is not necessarily accompanied by an increase in tolerance but also may manifest in other responses (e.g., reproduction rate). Organisms acclimated to a range from 6 to 22 g/L of Zn 2ϩ produced significantly more offspring than organisms acclimated to lower and higher Zn concentrations in test concentrations up to 50 g/L of Zn 2ϩ . This range corresponds to a previously established optimal concentration range for D. magna. Bioconcentration factors indicated that Zn was actively regulated in the acclimation range tested.
INTRODUCTION
Zinc is an essential trace element for all living organisms. As a constituent of more than 200 metalloenzymes and other metabolic compounds, Zn assures stability of biological molecules such as DNA and of biological structures such as membranes and ribosomes [1] . All essential elements are characterized by an optimum concentration range of this element, termed the optimal concentration range for essential elements [2] . This optimal concentration range for essential elements is determined by both the natural (bioavailable) concentration range of the essential element in the species' natural habitat and the species' homeostatic capacity, which allows it to regulate its internal essential element concentration. This homeostatic regulation, however, has limits: When the external concentration of the essential element gets too high or too low, homeostatic regulation will fail, and toxicity or deficiency will occur.
Because the concentration of metals in various ecosystems can vary considerably, the range to which the resident species is adapted varies accordingly. Physiological acclimation and/or genetic adaptation to essential and nonessential metals in the natural environment is well documented for plants as well as for animals [3] . These phenomena also can be induced by metal exposure in the laboratory (e.g., for daphnids [4] [5] [6] [7] [8] [9] [10] ). To our knowledge, most of the aquatic acclimation and adaptation studies in natural environments have focused on metal-polluted waters, and in laboratory experiments dedicated to studying metal acclimation, organisms usually are acclimated to relatively high metal concentrations (compared to their metal tolerance). Generally, such an acclimation treatment renders the organisms less sensitive. However, in unpolluted ecosystems, a considerable geographic variation in metal background concentrations also exists, and this may influence the sensitivity and fitness of the resident species as well [10] . This aspect of acclimation/adaptation rarely has been addressed or considered in applied ecotoxicology.
Finally, organisms acclimated to (artificial) media that contain no or only very low concentrations of essential metals (e.g., internationally prescribed culture media [11] [12] [13] ) may become extremely sensitive to elevated metal concentrations [8] . Therefore, toxicity test results produced under these conditions may not reflect the natural tolerance of these organisms.
Aquatic biota regulate their internal concentrations of essential metals through active regulation, storage/detoxification, or a combination of both [14, 15] . Reports of how daphnids regulate metals are scarce. Previous research demonstrated, based on Zn body concentrations and bioconcentration factors (BCFs), that Daphnia magna may actively regulate Zn within certain boundaries (i.e., maintain relatively constant wholebody concentrations by excreting the metal at rates comparable to the intake rate) [16] . These findings are in agreement with the results concerning Zn accumulation and regulation in other aquatic species groups [17] . Insights regarding the regulation strategy of (essential) metals in daphnids may be very helpful to better understand metal acclimation in these organisms.
In the present study, D. magna was acclimated to a range of environmentally relevant Zn concentrations, and their acute and chronic Zn tolerance as well as Zn accumulation were studied during six generations. All results are expressed in terms of free-ion activities (Zn 2ϩ ) calculated using the Windermere Humic-Aqueous Model (WHAM) [18] , because this fraction generally is considered to be the bioavailable form of most trace metals [19] [20] [21] . The results may indicate if ecosystem-specific water-quality criteria of metals in general, and of Zn in particular, are useful to protect the aquatic environ-896 Environ. Toxicol. Chem. 24, 2005 B.T.A. Muyssen and C.R. Janssen ment. If acclimation to background metal concentrations can considerably affect metal tolerance (rendering organisms more or less sensitive), one general water-quality criterion for all surface waters might be over-or underprotective depending on the background concentration. Moreover, the results may be considered as a validation for previous research concerning Zn acclimation and optimal concentrations in D. magna in which another culture medium was used and a broader acclimation range tested [8, 16] . In that previous multigeneration study, D. magna was acclimated to concentrations ranging from 3 to 800 g/L of Zn (recalculated as 0.004-195 g/L of Zn 2ϩ ), and along with increases in acute tolerance being found (although limited to a factor of 2.8 based on free-ion activities), organisms that were acclimated to a range from 300 to 450 g/L of Zn (2.4-18.5 g/L of Zn 2ϩ ) performed optimally in terms of reproduction, growth, and energy reserves.
MATERIALS AND METHODS

Culturing of D. magna
The D. magna Straus (clone K6) in all our experiments was originally collected from a pond in Kiel (Antwerp, Belgium) and has been successfully cultured under controlled laboratory conditions for more than 10 years. Animals were cultured under semistatic conditions in 4-L, polystyrene aquaria containing 2 L of culture medium and a density of 100 organisms per liter. The chemically defined M4 medium [22] was modified for use as both culture and test medium: Hardness as CaCO 3 was reduced to 180 mg/L by decreasing the amounts of CaCl 2 ·2H 2 O and MgSO 4 ·7H 2 O added to the medium, and ethylenediaminetetraacetic acid (EDTA) was replaced by Aldrich humic acid (Sigma-Aldrich Chemie, Steinheim, Germany) at a concentration of 5 mg/L C. The pH of the medium was 7.8 Ϯ 0.1. Stock cultures as well as experimental animals were fed a mixture of the algae Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii in a 3: 1 ratio (on cell number). The algae were not cultured in Znfree media because of the limited growth under these conditions [23] . The Zn concentration in the algal mix was 3.9 Ϯ 1.3 ϫ10 Ϫ9 g/cell. Increasing amounts of food were given as the organisms grew: Daphnids aged 0 to 7, 8 to 15, and older than 15 d were fed 3 ϫ 10 6 , 4.5 ϫ 10 6 , and 6 ϫ 10 6 cells/d/ organism, respectively. The temperature during culturing and testing was 20 Ϯ 1ЊC, with a 12:12-h light:dark cycle. The medium was gently aerated and renewed twice a week. All tests were initiated using neonates (age, Ͻ24 h) originating from third-to eighth-brood females. To avoid contamination, all materials in contact with the culture and test media were soaked for 24 h in 1% (v/v) HNO 3 and rinsed with deionized water. Reagent-grade chemicals were used in all experiments.
Selection of acclimation concentrations and speciation calculations
From the European Surface Water Database [24] , total Zn concentrations of surface waters from The Netherlands, United Kingdom (different regions), and northern and southern Sweden were selected along with several physicochemical water characteristics that affect metal speciation and, thus, bioavailability, such as Ca, Mg, Na, pH, and dissolved organic carbon (DOC) [25] [26] [27] . For each parameter and each region, the 10th and 90th percentile concentration intervals were selected. Per parameter, the lowest 10th percentile of all regions and the highest 90th percentile were used as the final 10 to 90% interval. To obtain minimal and maximal bioavailable Zn (i.e., Zn 2ϩ ) concentrations, the 90% values of the selected water characteristics were combined with the 10% Zn concentration and vice versa, respectively. In this way, practically all possible naturally occurring bioavailable Zn concentrations were covered, although the extreme values of this range will be rather exceptional for natural situations. All speciation calculations were made using WHAM [18] . The resulting concentration interval was 0.02 to 74 g/L of Zn 2ϩ , corresponding to total Zn concentrations ranging from 0.1 to 275 g/L in the culture and test medium (modified M4) used in the present study. Six acclimation concentrations, covering this range, were chosen. Zinc concentrations were prepared by diluting a concentrated stock solution of ZnCl 2 (100 mg/L of Zn). Acclimation experiments had a total duration of six generations. Because the European Surface Water Database is updated continuously, the derived acclimation concentration range may change accordingly. However, because the database is already large, these changes will be minor (D.G. Heijerick, Euras, Zwijnaarde, Belgium, personal communication) and will not affect the conclusions drawn from the present research.
Acute tests
Acute toxicity tests were performed according to Organisation for Economic Cooperation and Development Guideline 202 [12] . Three replicates of 10 juveniles were exposed to different Zn concentrations, ranging from 0 to 3,000 g/L (0-1340 g/L of Zn 2ϩ ). Each test vessel contained 25 ml of test medium. Organisms were not fed during the test. After 48 h, the number of immobilized organisms was recorded, and the 48-h median effective concentration (EC50) values were calculated according to the trimmed Spearman-Karber method [28] . Reported 48-h EC50 values are based on measured metal concentrations.
Chronic tests
Chronic tests were performed according to Organisation for Economic Cooperation and Development Guideline 202 [12] . Ten individual juveniles were exposed to different Zn concentrations, ranging from 0 to 800 g/L (0-269 g/L of Zn 2ϩ ). Each test vessel contained 40 ml of test medium. Increasing amounts of food were given as the organisms grew: Daphnids aged 0 to 7, 8 to 15, and older than 15 d were fed 8 ϫ 10 6 , 12 ϫ 10 6 , and 16 ϫ 10 6 cells/d/organism, respectively. Three times a week, the medium was renewed, and the age-specific survival (l x ) and reproduction (m x ) was recorded. The chronic tests were terminated at day 21, after which the intrinsic rate of natural increase (r m ) [29] and the net reproductive rate (R 0 ) [30] were calculated as 21 21
The 21-d EC50 was determined by fitting the R 0 and r m data by a three-parameter logistic function (SigmaPlot, SPSS Chicago, IL, USA):
where Y is R 0 (or r m ) at concentration x, a is R 0 (or r m ) at x ϭ 0, x 0 is the EC50, and b is the slope parameter. Reported 21-d EC50 values are based on measured metal concentrations. 
Accumulation
At the end of each acclimation generation, 100 adults were oven-dried (50ЊC) in polyethylene test tubes. Organisms were digested by adding 1 ml of 70% HNO 3 to the test tubes, which were subsequently heated in a microwave (in four cycles of 5 min each and increasing capacity: 90, 160, 320, and 560 W). Cooled samples were diluted with 9 ml of bideionized water and stored until analysis. Zinc concentrations were measured as described below.
Zinc measurements
All Zn concentrations in test and culture media and in digested samples were analyzed using a flame (SpectrAA100-Zeeman; Varian, Mulgrave, Victoria, Australia) or a graphite furnace (SpectrAA300-Zeeman; Varian) atomic absorption spectrophotometer (AAS). Ten-milliliter water samples were acidified (pH Ͻ1) with 70% HNO 3 . Calibration standards and a reagent blank were analyzed with every 10 samples. Measured total concentrations generally were within 10% of the nominal values. Dissolved (0.45-m filtered) Zn concentrations were 6% Ϯ 4% lower than total concentrations.
Statistical analysis
Effects of the various Zn acclimation concentrations on the acute and chronic tolerance of and Zn accumulation in the test organisms were compared using one-way analysis of variance (ANOVA). Effects of the acclimation concentrations and acclimation generations on the net reproductive rate were analyzed using two-way ANOVA. Both analyses were followed by Duncan's multiple-range test (Statistica software; Statsoft, Tulsa, OK, USA). Homogeneity of variance and normality were tested using the Bartlett test and the Kolmogorov-Smirnov test, respectively. Total Zn concentrations in D. magna were log 10 transformed to fulfill ANOVA assumptions. Statements of significance are based on accepting p Ͻ 0.05.
RESULTS
Acute tolerance
Acute tests were performed with juveniles from each acclimation concentration (0.02-74 g/L of Zn 2ϩ ) and each acclimation generation (during six generations). Juveniles from the first acclimation generation exhibited 48-h EC50 values ranging from 534 Ϯ 189 to 780 Ϯ 302 g/L of Zn 2ϩ (1,377-1,980 g/L of Zn; results not shown). No trend as a function of the acclimation concentration could be observed, and no significant differences were found. In subsequent generations, variation between the tests performed within one generation of a specific acclimation concentration was considerable (i.e., up to a factor of three). Again, no trend could be observed as a function of the acclimation concentration or as a function of acclimation time. Therefore, the results shown in Figure 1 ; results not shown), reproduction was less than 10 and 0 offspring per female, respectively. Significant differences between acclimation concentrations and acclimation generations (within one test concentration) are presented in Table 1 .
As expected, R 0 values decreased with increasing test concentrations (Fig. 2) . In the F 1 generation, an average decrease in R 0 (considering all acclimation concentrations) of 37% was observed when organisms were exposed to 117 g/L of Zn 2ϩ (Fig. 2D) compared to the control test concentration (Fig. 2A) . In addition, differences in R 0 values between the F 1 and F 6 acclimation generations were observed. The F 6 organisms appeared to be less sensitive than F 1 organisms when exposed to 22 g/L of Zn 2ϩ (Fig. 2B ): An average decrease in R 0 of 12% was observed in F 1 organisms compared to the control test concentration ( Fig. 2A) , whereas for the F 6 organisms, this decrease was only 3%. When tested at 50 or 114 g/L of Zn 2ϩ , F 6 organisms were equally or more sensitive, respectively, than F 1 organisms. Moreover, R 0 values of F 6 organisms exposed to test concentrations up to 50 g/L of Zn 2ϩ ( Fig.  2A-C) tended to be higher than those of F 1 organisms. This effect was always significant at the 22 g/L of Zn 2ϩ acclimation concentration (see Table 1 ). At a test concentration of 117 g/L of Zn 2ϩ (Fig. 2D) , F 6 organisms did not produce more offspring than F 1 organisms.
Second, we can observe effects of the acclimation concentration within one test concentration. In Figure 2A , it is demonstrated that in F 1 organisms, acclimation did not have a significant effect on control exposure. After six generations, however, organisms acclimated to 22 g/L of Zn 2ϩ exhibited significantly higher R 0 values than organisms acclimated to 0.02 or 74 g/L of Zn 2ϩ . In Figure 2B and C, it can be observed that F 1 organisms acclimated to 6 and 12 g/L of Zn 2ϩ exhibited the highest R 0 values, whereas in F 6 organisms, this occurred with those acclimated to 22 g/L of Zn 2ϩ (Fig. 2B ) or between 6 and 22 g/L of Zn 2ϩ (Fig. 2C) . Effects on r m values followed the same pattern (results not shown).
The 21-d EC50 values on R 0 and r m were calculated. Because no trend was observed as a function of generation time, Fig. 2A-C) .
Zinc accumulation
At the end of each acclimation generation, adult daphnids were oven-dried and digested, and their Zn contents were measured. No significant effect of acclimation time could be observed; therefore, the results presented are based on the mean of the six generations (Table 3) . Increasing Zn contents were observed as a function of the Zn concentration in the medium, ranging from 70 Ϯ 8 to 269 Ϯ 46 g/g dry weight. The BCFs (i.e., total Zn concentration in Daphnia/total or free Zn concentration in medium) were calculated, log 10 transformed, and plotted as a function of the logarithm of the total and free Zn concentration in the medium (Fig. 3 ). An inverse linear relationship was observed with a slope of Ϫ0.85 (r 2 ϭ 0.99).
DISCUSSION
Acclimation to the tested Zn concentration range did not induce significant changes in the acute Zn tolerance of the organisms. Possible minor shifts in sensitivity may be masked by the considerable variation in the 48-h EC50 values obtained (coefficient of variation, 0.19-0.44). Food conditions of the adults, which may influence the tolerance of the offspring [31] , were kept as constant as possible. Klein [32] reported an influence of the age of juveniles (Ͻ22 vs 22-24 h) on their sensitivity to K 2 Cr 2 O 7 by a factor of four. In a study by Lewis and Weber [33] , 48-h EC50 values for D. magna and cadmium differed by a factor of seven. Neither report, however, provided a mechanism for this variability. In the present study, juveniles younger than 24 h (without further attention to age) were used. Underlying causes for the observed variability remain unknown. In our previous study [8] , 48-h EC50 values of the same daphnid clone acclimated to 0.02 to 86 g/L of Zn 2ϩ (calculated from total values of 13 and 600 g/L of Zn), were not significantly different from the 48-h EC50 values reported here for acclimation concentrations of 0.02 to 74 g/L of Zn 2ϩ . The 48-h EC50 values in that previous study ranged from 1,700 to 2,100 g/L of Zn, corresponding to 696 and 910 g/L of Zn 2ϩ . Therefore, the results obtained in the present study may serve as a validation for this previous research; moreover, they also demonstrate the importance of Zn 2ϩ as the bioavailable metal fraction. In the previous study, another culture medium was used, which had a higher hardness and contained EDTA instead of DOC as the metal chelator. Results expressed as total Zn concentrations are not comparable, in contrast to the results expressed as free-ion activities. Generally, reported increases in acute Zn tolerance of D. magna following acclimation are within a factor of three [4, 7, 8] , even at relatively high acclimation concentrations (e.g., half the 48-h EC50 value). Other factors influencing the outcome of acute toxicity tests, such as genotype, culturing conditions before testing, and test medium, may be equally or even more important [34] [35] [36] [37] .
In contrast to the effects of acclimation on acute tolerance of the test organisms, long-term effects of Zn acclimation on chronic Zn toxicity in daphnids have never been reported. From the present results, it is concluded that neither acute nor chronic Zn tolerance (in terms of EC50 values) was affected by acclimation. The results, however, demonstrate that effects of Zn acclimation can be observed at concentrations less than the 21-d EC50 value. Thus, previous Zn exposure of adults determines the sensitivity and fitness of the offspring in chronic toxicity tests. Organisms acclimated for six generations to 22 g/L of Zn 2ϩ produced offspring of which the reproduction rate was significantly higher compared to the offspring from lower and higher acclimation concentrations when placed in a test concentration lower than 50 g/L of Zn 2ϩ . At a test concentration of 50 g/L of Zn 2ϩ , offspring from the 6 and 22 g/L of Zn 2ϩ acclimation concentrations produced offspring with significantly higher reproduction rates. In a previous multigeneration acclimation study [8] , it was demonstrated that daphnids acclimated to a concentration range from 300 to 450 g/L of Zn (i.e., 2.4-18.5 g/L of Zn 2ϩ ) were characterized by a higher general fitness (reproduction, length, energy reserves) compared with organisms from lower and higher acclimation concentrations, and this range was thus considered to be optimal. As this range corresponds with the 6 to 22 g/ L of Zn 2ϩ range as described above, this might be seen as an additional indication for the existence of this optimal range. At the highest test concentrations, however, the positive effects of this acclimation range could no longer be observed.
In 1980, Buikema et al. [38] stated that much more research was needed before Daphnia toxicity data would be useful in setting water-quality criteria or in protecting aquatic ecosystems. In their opinion, the highest priorities for research were nutrition studies and culture healthiness indexes, including studies regarding the effects of trace elements on reproduction and the offspring's sensitivity to toxicants. However, since then, few laboratory studies have been performed to determine the requirements of aquatic invertebrates for trace metals. Keating et al. [39] reported a desirable minimum Zn concentration of 10 to 15 g/L for D. magna in MS medium [40] . The results of the present study, which indicate an optimal range of 6 to 22 g/L of Zn 2ϩ , can be helpful to further optimize daphnid culturing conditions. Many aquatic organisms regulate essential metals such as Zn to varying degrees [14, 15] . If an organism actively regulates a metal, the slope of the relationship between water concentration and the corresponding BCF is expected to be near Ϫ1 [17, 41] , because at low water concentrations, organisms are actively accumulating essential metals to meet their metabolic requirements. At higher water concentrations, organisms with active regulatory mechanisms can excrete excess metals or limit uptake. Other types of organisms are net accumulators of metals; that is, they can store large quantities of metals in detoxified forms. In these organisms, the BCF may be more indicative of the bioaccumulation potential, but the higher bioaccumulation potential does not appear to be related to increased toxicity. The BCFs obtained in the present study do indicate a large degree of active regulation (slope, Ϫ0.85), although the total body Zn concentration does not remain constant in the concentration range tested. At the lowest Environ. Toxicol. Chem. 24, 2005 B.T.A. Muyssen and C.R. Janssen acclimation concentrations, Zn was assumed to be actively accumulated (increasing total body concentrations) to reach desirable body contents, as was observed in a previous study [16] . In the 6 to 22 g/L of Zn 2ϩ range, for which indications were present that this range is optimal for the organisms, Zn concentrations increased significantly from 94 Ϯ 3 to 154 Ϯ 28 g/g dry weight, although the observed variation in this range was relatively small compared to the body contents obtained at sublethal acclimation concentrations (i.e., Ͼ250 g/ g dry wt of Zn at 74 g/L of Zn 2ϩ ). A study by McGeer [17] of eight aquatic species groups demonstrated that the internal Zn content is well regulated in other species as well. All groups exhibited very slight increases in whole-body concentration over a dramatic increase in exposure concentration. From data for all species and all exposures, the mean Zn content was 46 Ϯ 51 g/g tissue. The corresponding log BCF (or bioaccumulation factor) showed an inverse relationship to the Zn exposure concentration, with a slope of Ϫ0.84 when all data for all species studied were considered, thus corresponding very well with the slope found in the present study. Log BCFs ranged from approximately 1.7 to 4, with a mean log BCF of 2.5 at a Zn exposure concentration of 10 to 110 g/L. This covers the range found in the present study based on total Zn concentrations in the water and not considering the BCF corresponding to the lowest Zn exposure concentration. Our results confirm the conclusions by Adams et al. [41] and McGeer et al. [17] that in terms of aquatic hazard classification, neither BCF nor body concentration seem to be reliable indicators of the potential for adverse effects.
CONCLUSION
Based on the results obtained in the present study, it can be concluded that acclimation to environmentally relevant Zn concentrations does not induce significant shifts in acute or chronic Zn tolerance (in terms of EC50 values) in D. magna. However, daphnids did produce significantly more offspring when acclimated to concentrations ranging from 6 to 22 g/ L of Zn 2ϩ . This range corresponds well with a previously established optimal concentration range for D. magna. In a risk assessment framework, the results indicate that the influence of Zn acclimation for daphnids is of minor importance for the development of site-specific regulations. What should be considered, however, is that toxicity test results obtained with organisms cultured in media containing Zn concentrations outside the optimal range must be evaluated carefully before using them for risk assessments and derivation of water-quality criteria. Culture media containing no added Zn should be avoided.
